As part of an effort to develop low-voltage surge filters, zinc oxide (ZnO) bicrystals were investigated to clarify the electronic state of grain boundaries in ZnO varistors. The varistors had a ZnO/glass/ZnO-type sandwich structure, and the interfacial glass layer was composed of oxide glass of the Bi-B-O system. A highly nonlinear current-voltage relationship was obtained for a sandwich structure composed of Co-doped single crystal ZnO, and the current through the junction was proportional to roughly the 30th power of the bias voltage at the breakdown stage. In contrast, the junction using undoped single crystal ZnO showed insignificant nonlinearity. Dielectric measurements revealed that a double-sided depletion layer was formed at the interface and the high nonlinearity was ascribed to the corresponding potential barrier formed at the interface.
Introduction
Zinc oxide (ZnO) varistors 1) were invented more than 30 years ago, and their performance has been enhanced in many ways since then. [2] [3] [4] [5] [6] [7] However, there is still room for improvement and new applications. In particular, surge filter technology is important for low-voltage applications. Indeed, one of the characteristics of present large scale integrated circuit (LSI) technology is its low-voltage operation, which reduces energy consumption and enables battery operation. Surge absorbers are necessary for the stable operation of such devices. Moreover, recent advances in light emitting diode (LED) technology also suggest the need for developing lowvoltage surge filters. For example, the cold cathode emitters in automobile-mounted displays are being replaced by LEDs. To ensure safety, it is necessary to protect such LEDs from surge impulses.
Zinc oxide (ZnO) varistors are well-known surge filter devices. These are produced by sintering ZnO with additives; consequently, ordinary ZnO varistors are polycrystalline ceramics with electrically active grain boundaries. Their performance is characterized by a highly nonlinear currentvoltage (I-V) relationship, which has been attributed to an interfacial potential barrier formed at grain boundaries. 8) The typical additives in ZnO ceramic varistors are bismuth oxide 1) or praseodymium oxide 2) at grain boundaries and transition metal elements such as cobalt in ZnO grains. An interesting feature of these varistors is that each grain boundary has a breakdown voltage (V br ) of around 3 V. 9, 10) Because of this, ZnO varistors with active grain boundaries are appropriate for low-voltage surge filter applications. Moreover, precisely controlling the number of grain boundaries enables the design of surge filters with a controlled V br .
To design and fabricate varistor devices on demand, each grain boundary of the ZnO ceramic must be controlled. There have been several prior studies on fabricating single junction ZnO varistors. [11] [12] [13] [14] These studies can be classified according to the fabrication technique used: joining of single crystals, or stacking of thin films. When summarizing their results, it becomes apparent that the presence of any inter-granular layer is likely to be essential for obtaining a highly nonlinear I-V relationship, regardless of the preparation method. In fact, ZnO bicrystals without any interfacial phase 11, 12, 14) exhibited very weak nonlinearity in their I-V relationship. Therefore, it is likely that an interfacial layer is necessary in order to obtain a highly active grain boundary. The most typical single-grain-boundary varistor is the ZnO/Bi 2 O 3 / ZnO structure prepared by Schwing and Hoffman. 15) Their sandwich-type varistor had polycrystalline Bi 2 O 3 as the interfacial layer between two ZnO single crystals and exhibited a highly nonlinear I-V relationship. However, their sandwich structures showed a variation in V br from 3 to 6 V. This uncertainty may not be permissible for engineering applications, nor is it suitable for research on ZnO varistor properties. A sandwich structure with polycrystalline Bi 2 O 3 also has a problem in terms of adhesion strength. In a preliminary study, the fracture strength of the polycrystalline Bi 2 O 3 layer was found to be insufficient for handling and easy to break, and is why the focus of this study is on investigating ZnO/glass/ZnO rather than ZnO/poly-Bi 2 O 3 / ZnO structures.
After the utilization of nitride semiconductors for light emitting devices was achieved, 16) the spontaneous polarization and piezoelectricity of wurtzite-type semiconductors have been regarded as crucial issues for developing electronic and optical devices made from them. 17, 18) Similarly, the properties of ZnO-based junctions, such as the formation of two-dimensional electron gas, 19) have to be considered in relation with the polarizations. Thus, this paper addresses these concerns by investigating the effects of the ZnO crystalline polarity on varistor properties.
As described in previous letters, 20, 21) the authors reported the synthesis of sandwich-type ZnO varistors by using the glass phase of bismuth-boron-oxide (Bi-B-O) as the interfacial layer. This interfacial glass phase was good for obtaining single-grain-boundary varistors with highly nonlinear I-V characteristics, 20) and the properties of the sandwich structure were affected by the polarity of ZnO crystals. 21) This paper reports the detailed interfacial structures of the ZnO/glass/ZnO structure and the properties of the obtained sandwich structures in terms of the transition metal doping and crystalline polarity of ZnO crystals; the structural and electrical properties of ZnO/glass/ZnO junction structures were investigated by measuring their dielectric properties.
Experimental Procedure

Bi-B-O glass phase
Glass-phase Bi-B-O was prepared through a conventional glass forming process. A mixture of Bi 2 O 3 and B 2 O 3 powder was melted at 900 C for 1 hour in air, and the melted mixture was quenched to room temperature at a cooling rate of about 50 C/s. Glass doped with Co and Mn was also prepared to examine the effect of transition metal doping in the intergranular layer. Table 1 shows the chemical compositions of the precursors for the glass preparation. Hereafter, the chemical compositions of the glass-phase samples are represented by the sample IDs given in this table. The quenched Bi-B-O samples were characterized by x-ray diffraction (XRD) to examine for the presence of crystalline phases in the quenched samples.
Preparation of ZnO/glass/ZnO structures
The single-grain-boundary varistors were prepared by firing the sandwich structure ZnO/glass/ZnO. BBO or BBCMO glass powder was sandwiched with ZnO single crystals. The amount of glass was about 5 mg for a pair of single crystals, each with dimensions roughly of 5 Â 5 Â 0:5 mm 3 . The firing condition was at 1000 C for 1-4 hours in an air or O 2 gas stream. No external pressure was added during this joining process. For all sandwich structures, the orientation of the single crystals was such that the c-axis of ZnO was kept perpendicular to the interface; that is, ZnO single crystals with c-faces, (0001) and (000 1 1) face, were used. The crystalline polarity, (0001) and (000 1 1) faces, were identified by chemical etching, because the etching rate on (000 1 1) face is much faster than (0001) face and the (000 1 1) face becomes obviously rough when we etch the crystals by acid solution, such as aqueous solution of HCl and CH 3 COOH. 22, 23) Thus, we can easily identify the polarity by observation of etched surface with optical microscope.
Three kinds of single crystal ZnO were chosen for synthesizing the sandwich structures. These were grown with the hydrothermal (HDT) method, 24) the seeded chemical vapor transport (SCVT) method, 25) or the flux method. 26) Samples made from these single crystals were used to evaluate the effect of donor concentrations in the ZnO crystal on the electrical properties of the resultant sandwich structures. The HDT crystals were supplied from Earth Chemical Co., Ltd (Osaka, Japan) and were characterized by their low carrier (electron) concentration (n e ): 10 14 cm À3 at room temperature. The SCVT crystals were supplied from Eagle Pitcher LTC (Miami, OK). They had the highest purity among the crystals used in this study, and their n e values were on the order of 10 16 cm À3 at room temperature. The flux crystals were grown by using a lead fluoride (PbF 2 ) flux and had high n e values in the order of 10 18 cm À3 . The growth procedure for the flux crystals has been described elsewhere. 27) Lower and higher n e values in the HDT crystals originated from Li and Al contamination respectively.
To evaluate the effect of transition metal doping, sandwich-type varistors using Co-doped ZnO single crystals were prepared. For the flux-grown single crystals, cobalt was doped during crystal growth as described in Ref. 27 ) and the concentration of Co was set to 2 mol%. For the HDT and SCVT crystals, Co-doping was done by thermal diffusion of Co from the substrate surface; ZnO crystals sandwiched by a pair of polycrystalline cobalt oxide pellets were fired at 1000 C for 12-36 hours in an oxygen gas stream. The concentration of Co in the SCVT and HDT crystals varied 0.5-1 mol% depending upon the duration of the diffusion treatment.
Four combinations of glass and single crystal were also examined to evaluate the effect of transition metal doping on the properties of ZnO varistors: (1) undoped ZnO and BBO glass, (2) undoped ZnO with BBCMO glass, (3) Co-doped ZnO and BBCMO glass, and (4) Co-doped ZnO and BBO glass. Typical combinations of glass and single crystal are listed in Table 2 along with the sample identification symbols used in the figures and below. The crystalline polarity of ZnO was also considered.
Characterization
The sandwich-type samples were observed with an optical microscope and a scanning electron microscope (SEM) to characterize the morphology at the interface. A transmission electron microscope (TEM) equipped with an energy dispersive x-ray analyzer (EDX) was used to analyze the glass/ZnO interfaces. Lattice alignments at the interface were characterized by using transmission electron diffraction (TED) patterns obtained by the TEM.
The electrical properties of the samples were characterized by making I-V and capacitance-voltage (C-V) measurements. For these measurements, ohmic contacts with low contact resistance were made from indium (In) metal. A 237 source measure unit (Keithley Instruments Inc., OH, USA) was used for making the I-V measurements and a 4280A C-V plotter (Hewlett Packard (Agilent Technologies), CA, USA) for plotting the C-V relationship. The AC signal applied for C-V measurements was 1 MHz and 10 mV. To analyze the energy diagram of the trap states, transient capacitance (C-t) measurements were also carried out using a DL8000 DLTS system (Accent Optical Technologies Inc., Bend, OR) with an AC signal amplitude set to 0.1 V. The temperature range for the C-t measurements was 80-350 K. The results of the C-t measurements were converted to deep level transient spectra [28] [29] [30] (DLTS) to evaluate the energy dispersion of the trap states. Figure 1 shows the XRD patterns for BBCMO and BnCMO (see Table 1 ) after quenching from the molten state. No trace of a crystalline phase was found in the XRD profiles for the samples containing boron oxide: BBO, BBCMO, and BBCMO-2. In contrast, a crystalline Bi 2 O 3 phase was present in the samples without added boron oxide, such as BnCMO. Thus, adding B 2 O 3 was necessary to obtain an amorphous phase when using the conventional glass forming process. The minimum concentration of boron for amorphous-phase formation was not evaluated because it was not the main object of this study. The electrical property of the obtained glass was that of a simple insulator. The relative dielectric constant (" r ) evaluated from bulk glass was within 25-30 at room temperature and the dielectric permittivity was 3-4 times higher than for ZnO (" r ¼ 8:8).
Results and Discussion
Bi-B-O glass phase
Morphology at ZnO/glass interfaces
When BBO or BBCMO glass was used, the adhesion at the ZnO/glass interfaces of the sandwich structures was strong enough for handling. On the other hand, the sandwich structure was easily broken when the B 2 O 3 crystalline interfacial layer was used as the intergranular layer. Thus, it was obvious that using bismuth borate glass as the interfacial layer improved the mechanical strength of the interfaces; the usage of the glass layer was confirmed to have an advantage in adhesion strength between the intergranular layer and ZnO.
Figures 2 shows typical SEM and TEM images of crosssections for the ZnO/glass/ZnO interface region. The thickness of the interfacial glass phase was 3-5 mm as indicated in the SEM image. This SEM image also suggests that the interfacial glass layer remained an insulator even after the thermal treatment for joining; it shows charging of the glass layer under electron beam irradiation. It is worth noting that the interfacial layer remained amorphous after the thermal treatment for joining, as shown in the TEM image. Using the amorphous phase instead of crystalline phase seems to be a very important key in obtaining high adhesion strength at the interface. Crystalline grains tend to have distinct facets which reduce their surface energy, and the crystallization of noncubic grains causes anisotropic stress and strain. In contrast, the glass phase is macroscopically isotropic and reduces the probability for formation of voids or cracks due to anisotropy; there were no voids or cracks found in the microscope images. The Bi-B-O glass phase can thus be regarded as a useful material for fabricating the sandwich structure to mimic the grain boundary structure in ZnO ceramic varistors.
No trace of a secondary phase at the glass/ZnO interfaces was found in the sample using BBO glass as the interfacial glass layer. In contrast, a small deposit was formed at the ZnO/glass interface of the sample prepared with BBCMO glass, as shown in Fig. 3 . Figure 3(a) shows a plane view of the ZnO/glass/ZnO interface observed with an optical microscope. The deposits had 3-fold symmetry, indicating that the deposits were crystalline. Figure 3(b) shows a TEM Table 1 . image cross-section of the deposit formed at the glass/ZnO interface of the samples with the BBCMO interfacial layer. When comparing the TED pattern of the deposits with the ZnO substrate, each deposit was found to be a single crystal epitaxially grown on the ZnO surface. Subsequent EDX analysis revealed that the deposit was a complex oxide containing Co and Mn. From the TED and EDX analyses, the deposit was identified as Co 2 Mn 3 O 8 (JPCDS card #30-0446) epitaxially grown on ZnO crystal. This deposit was found only in the sample prepared with the glass-phase containing Mn, e.g., BBCMO. This deposit was not a reason for changes in electronic properties of the sandwich structures mentioned later. Figure 4 shows typical I-V curves of ZnO/glass/ZnO sandwich structures for the samples listed in Table 2 . Samples A and B had nearly linear I-V relationships, while samples C to F exhibited highly nonlinear I-V curvatures with V br ¼ 3 V. These results indicated that Co doping was necessary for achieving highly nonlinear I-V relationships. The nonlinearity in the I-V relationship was weak without intentional Co doping. Sample B had a pale green color after joining, indicating that the Co in the glass layer diffused into the ZnO crystals during the joining process. However, the very low Co concentration due to the very short reaction time for joining resulted in a weak nonlinearity for the I-V relationship. These results were consistent with prior studies 11, 12) on ZnO/ZnO bicrystals; these found no nonlinear I-V relationships in bicrystals made from undoped ZnO, while nonlinear I-V curvatures were found in bicrystals doped with Co or Mn. When comparing the I-V curvature D of ZnO/glass/ZnO sandwich structures in Fig. 4 with those of ZnO/ZnO bicrystals in the authors' previous report, 11) it was evident that the presence of the interfacial glass layer actually enhanced the nonlinearity in the I-V relationship. The composition and properties of Co-doped flux crystals used in the previous study 11) on ZnO/ZnO bicrystals and in this study on ZnO/glass/ZnO structures were same to each other, because those crystals were grown by the same procedure described in Ref. 27) . The difference in I-V behavior between the ZnO/ZnO junction made from Co-doped flux crystal in Ref. 11) and the ZnO/glass/ZnO structures made from Co-doped flux crystal in this study (curve D in Fig. 4 ) can thus be safely attributed to the presence of the interfacial glass layer in the latter.
Properties of ZnO/glass/ZnO structures
Another notable feature of the ZnO/glass/ZnO structures was that the highly nonlinear I-V relationship originated in the breakdown behavior at the bias voltage of 3 V. All the samples exhibiting nonlinear I-V curvatures had V br ¼ 3 V Table 2 .
Synthesis and Characterization of ZnO/Glass/ZnO Structures Showing Highly Nonlinear Current-Voltage Characteristicsregardless of the variation in n e for the ZnO single crystal. It should be noted that n e in the HDT crystal increased after thermal treatment for Co-doping, probably due to evaporation of Li. The values of n e in the HDT crystals after Co diffusion were in the range of 10 15 -10 16 cm À3 , whereas no significant change in n e occurred in the flux crystals and SCVT crystals. A nonlinear I-V relationship with V br ¼ 3 V could thus be obtained regardless of the donor concentration within the range of 10 15 -10 18 cm À3 . The n e values had no significant influence on V br but affected the current magnitude at a certain bias voltage. Compared to samples D and E, the current magnitude for C was less than for the other two. This was reasonable because the HDT crystal had a lower electrical conductivity (electron concentration) than the SCVT and flux crystals, as described in the previous section.
The value of V br was constant for all the ZnO/glass/ZnO sandwich structures showing breakdown behavior, while a variation in V br within 3-6 V in the ZnO/Bi 2 O 3 /ZnO sandwich structures was reported in Ref. 15 ). When comparing Ref. 15 ) and this study, it was evident that using the glass phase as the interfacial layer had two advantages: constant V br and the improved adhesion strength. The use of polycrystalline Bi 2 O 3 layer in sandwich-type varistors caused uncertainty in V br . On the other hand, the formation of the Co 2 Mn 3 O 8 grain deposits, at the glass/ZnO interface is a potential cause for degradation of varistor properties. This point is discussed employing the parameter to represent the nonlinearity of the I-V relationship.
The nonlinearity factor is a convenient parameter to evaluate the nonlinearity of I-V curvatures. This factor is defined as:
The highest value ( ¼ 28) was in the sample prepared from the BBCMOO glass with Co-doped ZnO crystals. As mentioned above, the deposition of Co 2 Mn 3 O 8 at the glass/ ZnO interface was observed when BBCMOO glass was used for the interfacial layer. The Co 2 Mn 3 O 8 deposited at the glass/ZnO interface in the sample actually showed the highest value. Therefore, the presence of the deposit was not a major reason for lower values. Since the size of the deposit was less than the thickness of the glass layer, current leakage paths such as ZnO/Co 2 Mn 3 O 8 /ZnO would rarely form in the samples. This may be a reason for the insignificant degradation in breakdown behavior caused by the Co 2 Mn 3 O 8 deposits. Figure 5 displays C-V plots for the sandwich structures showing a highly nonlinear I-V relationship. These C-V relationships are likely evidence of the formation of a depletion layer at the interface. Similar to ordinary semiconductor junctions, the magnitude of interfacial capacitance depended upon the donor concentration in the ZnO single crystals. In fact, the interfacial capacitance of sample D made from the flux crystal (n e ¼ 10 18 cm À3 ) was much higher than for sample C made from Co-doped HDT crystals (n e ¼ 10 15 {10 16 cm À3 ). The interfacial capacitance can thus be safely concluded to be a function of donor concentration in ZnO crystals, and the variation in interfacial capacitance with bias voltage was due mostly to the change in the width of the depletion layer.
Another notable feature in the C-V profile was the appearance of hysteresis, as seen in the C-V plot for sample D measured with a relatively rapid change in bias voltage (2 V/s). Two arrows associated with the C-V plot suggested hysteresis between upward and downward bias. The hysteresis was insignificant for the C-V plot measured with a relatively slow change in bias voltage, such as 0.033 V/s. This result indicated that relaxation phenomena are necessary for understanding of the interfacial properties of sandwich structure varistors. This relaxation behavior is discussed in the following subsection. Figure 6 shows the I-V relationship of the ZnO/BBCMO/ ZnO sandwich structure made from Co-doped HDT crystals. This sample occasionally exhibited asymmetric I-V behavior. This sample also produced the asymmetric C-V relationship shown in Fig. 7 . When comparing Figs. 6 and 7, it seems plausible that a potential barrier was formed at one of the two glass/ZnO interfaces in this sample. The difference between the nearly symmetric properties shown in Fig. 5 and the obviously asymmetric properties shown in Figs. 6 and 7 was due to the difference in orientation of ZnO single crystals; the interfacial properties at ZnO(0001)/glass and ZnO/(000 1 1) interfaces were different from each other. The symmetric behavior shown in Fig. 5 was found in the sample having a ZnO(0001)/glass interface for both sides of the glass layer, while the asymmetry in I-V and C-V curves between forward and reverse bias mode shown in Figs. 6 and 7 was seen in the sample having a ZnO(0001)/glass interface for one side and a ZnO/(000 1 1) interface on the other. The results are not shown here, but the sample with ZnO/(000 1 1) interfaces for both sides of the glass layer did not show a strong nonlinearity in I-V relationships and bias dependence of the interfacial capacitance. Therefore, the polarity of ZnO was concluded to be essential to the interfacial properties of ZnO. Table 2. 1064 N. Ohashi, K. Kataoka, T. Ohgaki, I. Sakaguchi and H. Haneda Figure 6 also provided an important insight regarding the current transport mechanism through the interface of the sandwich structures. An asymmetry in the I-V relationship was found in the leakage current at V < V br , whereas the I-V relationship at V > V br exhibited symmetric behavior. This means that the role of the potential barrier in the sandwich structures was to reduce the current injection at the ZnO/glass interface at V < V br . In contrast, the current transport at V > V br was governed by the transport property of the interfacial glass layer.
Electronic structure at the interface
As mentioned in the previous subsection, a potential barrier was evidently formed at the glass/ZnO(0001) interfaces of the sandwich structures when the Co concentration was sufficiently high. To analyze the electronic state at the interface, the hysteresis of the C-V measurements was a good indication of the presence of deep trap states exhibiting relaxation phenomena. As shown in Fig. 8 , the interfacial capacitance of the ZnO/BBCMO/ZnO sandwich structure had complicated temperature dependence. The interfacial capacitance of an ideal Schottky junction is described by eq. (2).
Here, q is the charge of the electron, " s the electric permittivity of the semiconductor, N D the donor concentration in the semiconductor, V bi the built-in potential of the barrier, V the applied bias voltage, k the Boltzman constant, and T the temperature. This equation assumes a single donor level in the semiconductor, but this assumption was not appropriate for the study samples. In fact, the temperature dependence of the C-V plots shown in Fig. 8 cannot be explained by this ideal expression. This means that the donor concentration (N D ) in the ZnO of the sandwich structure could not be evaluated using eq. (2) and thus is why the donor concentration from the C-V plot in Fig. 5 was not evaluated. According to Blatter and Greuter, 8) the complicated bias and temperature dependence of the interfacial capacitance was likely evidence of deep trap states.
The results of the DLTS measurements for sample C are summarized in Fig. 9 . Capacitance was measured under a bias voltage of 1.5 V after applying a pulse bias of 0 V, and the time window (t w ¼ t 2 À t 1 ) was set to 20 milliseconds. The results shown in this figure are similar to those reported by prior studies. 28) Peak P3 had a different sign from P2. This meant that the trap state corresponding to P3 was an interfacial trap state, while the level for P2 was a trap state in ZnO bulk. This is clear evidence of an interfacial trap state at the ZnO/glass interface as well as at least one deep donor level in the ZnO bulk. In addition to P2 and P3, there seemed to be a very weak trace of another peak (P1). Using the thermal emission rate obtained from the various sets of t w and temperature, the thermal activation energy of the trap states, which corresponded to the energy difference between the bottom of the conduction band and the donor state (E c À E t ), was evaluated as shown in Fig. 9 . Because of the very low intensity of P1, the evaluation of E c À E t for P1 could not be achieved. The energetic location of P2 (E c À E t ¼ 0:28) agreed with a deep level detected in both ZnO ceramic Table 1 ) measured at room temperature. Fig. 7 Asymmetric capacitance-voltage relationship of a ZnO/glass/ZnO structure made from Co-doped ZnO and BBCMO glass (see Table 1 ) measured at room temperature. Fig. 8 Temperature dependence of interfacial capacitance of a typical ZnO/glass/ZnO structure made from Co-doped ZnO and BBCMO glass (see Table 1 ).
Synthesis and Characterization of ZnO/Glass/ZnO Structures Showing Highly Nonlinear Current-Voltage Characteristicsvaristors and ZnO single crystals. [29] [30] [31] [32] [33] [34] [35] Moreover, the value of E c À E t evaluated for P3 (0.95 eV) was very close to that reported for ZnO ceramic varistors. 22) The electronic structure in the glass/ZnO interface region can thus be concluded to be similar to that at the active grain boundaries in ordinary ZnO ceramic varistors. The notable difference between ZnO/ glass/ZnO structures and conventional ceramic varistors was in the appearance of P1, which was attributed to a deep level at about 0.18 eV below the bottom of conduction band. The absence of the P1 signal for the 0.18-eV bulk trap state was not the main reason for the suppression of the nonlinear I-V characteristic in ZnO varistors. The formation of the interfacial trap around 0.95 eV was likely essential to the appearance of a highly nonlinear I-V relationship for varistor applications.
Conclusion
Sandwich-type ZnO varistors using bismuth boride glass as an interfacial layer were synthesized and their properties characterized. The use of the glass interfacial layer enabled the fabrication of single-grain-boundary varistors with V br ¼ 3 V. For this breakdown behavior to appear, doping with Co is required. Dielectric measurements indicated that the potential barrier formed at the ZnO/glass interface originated from an interfacial trap state at 0.95 eV. This local electronic state at near the interface region was very close to the energetic scheme reported for polycrystalline ZnO varistors. The sandwich-type varistors with interfacial Bi-B-O glass were thus an appropriate macroscopic model for reproducing ceramic varistor properties. The detailed current transport mechanism in the sandwich varistors, particularly the current transport at the interfacial glass layer, is still an open question. Moreover, the role of Bi and Co in forming the interfacial trap state is also unclear. The means of synthesizing a single-grain-boundary varistor by using Bi-B-O glass is a promising technology for reproducing the grain boundary structure in ZnO varistors at the macroscopic scale. This achievement can lead to more precise analyses and measurements for understanding the mechanisms for non-ohmic grain boundaries in ZnO varistors.
